We present a single-layer metasurface, which performs both cross and circular polarization conversion at multiple frequency bands. The unit cell of the proposed metasurface consists of periodic array of a uniquely designed hexagonal split ring resonator (SRR). The proposed metasurface behaves as an efficient 90 • polarization rotator at dual frequency bands of 6.36-6.59 GHz and 10.54-13.56 GHz. The polarization conversion efficiency approaches 90% within these two operating bands. Moreover, linear-tocircular polarization conversion is also achieved in other three wide frequency bands from 6.10-6.20 GHz, 6.84-9.02 GHz and 14.10-15.48 GHz. The novel features of the subject hexagonal metasurface, which qualify it for numerous practical applications are high cross-polarization conversion (CPC) efficiency, wideband operation and angular stability for oblique incidence up to 45 • .
I. INTRODUCTION
Metasurfaces offer unprecedented opportunities to control and manipulate the amplitude, phase and polarization of electromagnetic waves. Since, the sub wavelength unit cell of the metasurface can be engineered to achieve any desirable functionality; therefore, they have found potential use in many applications such as antenna gain enhancement [1] , radar cross section reduction [2] , flat lensing [3] , beam splitting [4] , real-time holograms [5] , absorbers [6] - [8] , metasurface antennas [9] , [10] , polarization conversion and chipless radio-frequency identification (RFID) tags [5] , [11] - [13] . Owing to its key role in many applications, the polarization control of EM waves has always been of central interest to scientific and engineering community. Although, polarization can be manipulated through conventional techniques, such as by passing a wave through an anisotropic material where phase difference is accumulated as the wave propagates through the material, however, these techniques have
The associate editor coordinating the review of this manuscript and approving it for publication was Giovanni Angiulli . narrow bandwidth and require bulky size when the operating wavelength is large.
In order to achieve polarization control through compact structures, researchers have shifted their focus towards meatasurfaces. In this regard, broadband linear polarization rotators have been reported in the recent literature at microwave frequencies [12] - [16] . Highly efficient transparent 90 • polarization rotator is achieved based on U-shaped periodic array using combined chirality and tunneling that operates over frequency range of 9.8-12.5 GHz [17] . A cross polarizer is exhibited making use of multi-order plasmon resonances and high impedance surfaces [18] , however these designs only work for narrow bandwidth. Ultra-wideband (7.57-20.46 GHz) cross-polarization conversion (CPC) has been demonstrated through an anisotropic metasurface consisting of square-shaped resonators [19] . However, this polarizer only works for normal incidence. The existing literature indicates that metasurfaces have also been realized with good angular stability [20] , [21] . A dual-broadband two-slit rectangular split-ring resonator anisotropic metasurface [22] achieves angular stability up to 60 • , however, the polarization conversion efficiency is quite low that is up to 60%.
Highly efficient polarization rotators have also been presented recently with polarization conversion ratio (PCR) above 90% [23] - [25] but these metasurfaces have obvious disadvantage of not being angular stable.
Linear-to-circular or circular-to-linear polarization converting metasurfaces have also been proposed for operation in microwave frequency regime [26] - [35] , however most of them either do not possess angular stability or they have multilayer structures and hence not easily fabricable. The designs discussed so far, though, realize polarization control through planar metasurfaces, however, either they have only one type of polarization control either linear or circular, or have severe shortcomings regarding angular stability, operating bandwidth, and efficiency. For many practical applications, multifunctional metasurfaces with both angularly stable linear and circular polarization control capabilities are of great potential [36] - [42] . Mao et al. proposed a broadband multifunctional reflective metasurface for both linear and circular polarization conversion operations with angular stability up to 30 • [36] .
The major drawback of this design is its reduced bandwidth for HWP and QWP operations at higher oblique incidence angles. A bi-layer anisotropic metasurface has been designed working in transmission mode [43] . However, the proposed design gives very narrowband operation only at resonance frequencies of 16.7 GHz and 19.25 GHz. Some designs with narrowband operations both in transmission and reflection modes have also been reported [44] - [50] .
The summary of the above literature review is that designing an angularly stable multifunctional metasurface with high polarization conversion efficiency and wide bandwidth on a single layer substrate is a challenging task. As it can be observed in the comparison table of metasurface, all previously published metasurfaces have employed either circular, square, rectangular or other arbitrary shapes. In this proposed design, hexagonal ring is utilized. It has obvious advantages such as, higher packing efficiency, large electrical length in small area, thus lower operating frequency and in return, higher fractional bandwidth, and greater angular stability due to smaller periodicity. In this research, the authors have tried to meet this challenge, and have successfully demonstrated a multifunctional multi-broadband angularly stable single layer metasurface through a novel hexagonal meta-atom.
II. METASURFACE DESIGN A. GEOMETRICAL CONFIGURATION
The proposed metasurface, shown in Fig. 1 , consists of twodimensional periodic arrangement of unit cells along x-and y-axes. The unit cell is composed of a metallic hexagonal split ring placed on the top of FR4 dielectric substrate with metallic ground plane. The FR4 is an inexpensive substrate that has relative permittivity of 4.3 and loss tangent of 0.025. The Hexagonal split ring and ground plane are made of copper with conductivity of 5.8 × 10 7 S/m having thickness of 17µm. The optimized dimensions of the structure are given in millimeters: d= 0.6, L 1 = 2.60, L 2 = 3, L 3 = 1, L 4 = 2.88, L 5 = 2.30, L 6 = 2.30, L 7 = 0.85, L 8 = 1.96, w= 1, the thickness t of the substrate is 2.4mm with periodicity of the unit cells p= 8mm.
III. PERFORMANCE ANALYSIS A. CROSS POLARIZATION CONVERSION
The proposed metasurface behaves as an efficient and broadband 90 • polarization plane rotator. The surface is optimized through extensive parametric analysis giving a broadband response as shown in Fig. 2 . It is pertinent to mention here that as a general criterion for cross-polarization conversion (CPC), the magnitude of co-polarized reflection coefficients should be less than −3 dB (R xx < −3 dB and R yy < −3 dB ) or equivalently cross-polarized reflection coefficients should be greater than −3 dB (R yx ≥ −3 dB and R xy ≥ −3 dB), for this criterion, cross-polarization efficiency remains 70%. However, a cross polarizer is considered highly efficient if the magnitude of co-polarized reflection coefficients is less than −10 dB (R xx < −10 dB and R yy < −10 dB ) or equivalently cross-polarized reflection coefficients is greater than −2 dB (R yx ≥ −2 dB and R xy ≥ −2 dB), for this second criterion, cross-polarization efficiency reaches 90%. In this perspective, if we look at CPC results shown in Fig. 2 (a)-(b), the magnitude of co-polarized reflection coefficients for both x and y− polarized incident waves are below −10 dB within the two operating bands. CPC operation is achieved from 6.36-6.59 GHz and 10.54-13.56 GHz, where x-polarization is converted into y-polarization and vice-versa. Moreover, the cross-polarized reflection coefficients are maximum at three resonance frequencies where the first resonance occurs at 6.6 GHz while the second and third resonances are occurring at 11 GHz and 12.5 GHz. The two nearby resonances occurring at 11 GHz and 12.5 GHz help in extending the bandwidth of the second band (10.54-13.56 GHz).
B. CIRCULAR POLARIZATION CONVERSION
Another very important function that the proposed metasurface performs is linear to circular polarization conversion. The ideal conditions required for this operation (linear to circular polarization conversion and vice versa) are that the amplitude of the orthogonal electric field components (co-and cross-polarized) must be same |R xy −|R yy = 0 dB while their phase difference must be odd multiple of 90 • ∅ = ∅ xy − ∅ yy = n π 2
where n is an odd integer. The linear-to-circular (LP-to-CP) polarization conversion is considered valid even when the amplitude difference of the co-and crosspolarized components remains in the range of ±3 dB
It can be seen from Fig. 3 that amplitude and phase difference criterion is perfectly fulfilled for LP-to-CP operation over three frequency bands 6.10-6.20, 6.84-9.02 and 14.10-15.48 GHz. The response of the metasurface for circularly polarized incident waves can be inferred from the reciprocity of the reflection coefficient matrix as R T = R where R T is the transpose R. As the reflection coefficient matrix is reciprocal therefore metasurface maintains time-reversal symmetry and hence a circularly polarized incident wave is reflected as linearly polarized wave in the frequency bands 6.10-6.20, 6.84-9.02 and 14. 10-15.48 GHz. The relation between linear and circular reflection coefficients, R and R cp respectively, is given by:
where ''+'' stands for right-hand circular polarization (RHCP) and ''−'' for left-hand circular polarization (LHCP), R +− represents reflection coefficient when incident wave is LHCP while reflected wave is RHCP. By applying Stokes parameters, normalized ellipticity is determined to inquire the handedness of the reflected EMwave, as given in [50] . Normalized ellipticity ranges from +1 to −1. Whereas, ellipticity value of +1 indicates RHCP while −1 shows LHCP reflected wave. In Fig. 4 (a) , it can be observed that the normalized ellipticity approaches +1, which shows that RHCP wave is reflected when the incident wave is linearly y-polarized.
Furthermore, above claim of RHCP is validated by polarization ellipses at multiple frequencies, where structure acts as a LP-to-CP converter. It can be elicited from Fig. 4 (bd) that reflected wave is moving anti-clockwise, thus it is RHCP for all three bands of the operation 6.10-6.20, 6.84-9.02, and 14.10-15.48 GHz.
C. ANGULAR STABILITY
The metasurface response is critically evaluated through its angular stability performance. Almost all applications require the response of the metasurfaces independent to the incidence angle of the impinging electromagnetic wave. We have analyzed and optimized our metasurface for different angles of incidence. Results for angular stability are shown in Fig. (5) . The angularly stability for CPC operation has been demonstrated through polarization conversion ratio (PCR) which is defined as:
It can be seen form Fig. 5 (a) that PCR exceeds 90% over frequency bands 10.54-13.56 and 6.36-6.59 GHz at normal incidence, and at oblique angles, PCR ensures approximately the same response up to 45 • . Similarly, Fig 5 (b) -(c) shows that within all three bands (6.10-6.20 GHz, 6.84-9.02 GHz and 14.10-15.48 GHz), the criterion of LP-to-CP conversion is satisfied for both magnitude and phase. Thus, the proposed design achieves a good angular stability for linear and circular polarization transformations.
IV. THEORETICAL ANALYSIS
To understand the operating principle of polarization conversion, we need to find out eigen-polarizations and eigenvalues VOLUME 8, 2020 for our proposed design. To do this, we need to solve,
where R is the reflection coefficient matrix, X is the eigenvector while m is the eigenvalue. Eq. 5 is solved at three resonance frequencies of 6.6 GHz, 11 GHz and 12.5 GHz where co-polarized reflection coefficient is negligible. The obtained linearly independent eigenvectors are X 1 = u = (1 1) T X 2 = v = (−1 1) T with eigenvalues m 1 = e i0 = 1 and m 2 = e iπ = −1 respectively. Physically, this implies that the incident linearly polarized wave along u and v axis, which are oriented at ±45 • to the y-axis, shown in Fig. 6(a) , is reflected without any polarization conversion. Moreover, the wave along u-axis is reflected with no phase change while the one along v-axis is reflected with 180 • phase difference (along-v axis). Hence, the surface behaves as a high impedance surface (HIS), for one eigen-polarization while as a perfect electric conductor (PEC) for the other orthogonal eigen-polarization. As shown in Fig.6 (b)-(c) , when the u-and v-components, E iu and E iv , of a y-polarized incident field, E i =ŷE i e i(kz+ωt) at z = 0 (metasurface plane) are reflected with zero phase (along u-axis) and 180 • out of phase (along -v-axis), then the vector sum of the reflected field is along x-axis and hence the y-polarized wave becomes x− polarized.
To verify the above theoretical analysis, numerical simulations were carried out for u-and v-polarized incident waves and the results are shown in Fig. 6 (b) -(c). It can be seen that the magnitude of the co-polarized reflection coefficients R uu and R vv is almost unity while the phase difference between the reflected u-and v-polarized field is 180 • in accordance with our theoretical analysis for CPC operation. Moreover, in the frequency bands 6.10-6.20 GHz, 6.84-9.02 GHz and 14.10-15.48 GHz, |R uu | ≈ |R vv | while the phase difference is odd multiple of 90 • leading to LP-to-CP conversion for x-or y-polarized incidence.
To elaborate further on the physical mechanism behind the polarization transformation, we study the surface currents on the metasurface at resonance frequencies. The impinging electromagnetic wave induces surface currents on the metasurface, which are coupled due to the bi-anisotropy of the unit cell through:
where, J = [J x , J y ] T and M = [M x , M y ] T are the electric and magnetic surface current densities respectively and ω is the angular frequency, α e,m are electric and magnetic polarizability. We have assumed time variation of the form e iωt here. The electric and magnetic response gives the metasurface effective impedance given by (7)
where, Z (ω) is the surface impedance of the metasurface, and µ(ω) and ε(ω) are magnetic permeability and electric permittivity respectively, all the three parameters are depending on frequency. The reflection coefficient at normal incidence is given by:
where R(ω) is complex reflection coefficient having both real and imaginary parts, Z o is the impedance of free space and is 377 . Fig. 7 shows the surface current distribution at the top and bottom layer of the metasurface at resonance frequencies 6.4, 10 and 13.5 GHz for u-and v-polarizations. It can be seen from Fig. 7 , that at all three resonances, the currents at the top and bottom layer are anti-parallel which gives rise to a strong magnetic field inside the substrate sandwiched between the two layers. Due to strong magnetic field, the effective magnetic permeability gets large value and hence the effective impedance of the metasurface becomes much larger than free space impedance, Z(ω r ) Z o VOLUME 8, 2020 where ω r the resonance frequency is. Under this condition, the reflection coefficient is near to unity, R(ω r ) ≈ 1 and hence the surface behaves as a high impedance surface (HIS) or artificial magnetic conductor (AMC) which is required for cross-polarization transformation.
V. PARAMETRIC ANALYSIS
In this Section, the metasurface response against some critical unit cell dimensions is analyzed. These dimensions include split width, arm width and substrate thickness. The numerical results shown in Fig. 8-10 are obtained to vary these three dimensions around their optimized values. The effect of split width by varying its dimension from optimized value i.e. d = 0.6 mm is shown in Fig. 8 . It should be noted that for a smaller value of d = 0.4mm, the capacitance between the gap increases thus shifting the response towards lower frequencies. For d = 0.8mm the metasurface has less capacitance and hence the resonant frequency shifts towards higher frequencies.
Another critical parameter of the proposed metasurface is the width of hexagonal arm. The difference between the magnitudes of reflections coefficients can be analyzed from Fig. 9 as the width of arm is changed from 0.5 mm to 1.5 mm. For w = 0.5 mm, the inductance of the patch gets lower resulting in a shift of resonant frequency to the higher values. Similarly, at larger dimension of w i.e. 1.5 mm, the arm inductance is increased thus resonating the unit cell at lower frequency band.
The thickness of the dielectric substrate is also an important parameter. In order to achieve both CPC and LP-CP operations, the substrate thickness is optimized at t = 2.4 mm. According to Maxwell's scale invariance, there is an inverse relation between the substrate thickness and resonant frequency. The thickness of the substrate has to be minimum for the unit cell to be resonating at higher frequencies. As shown in Fig. 10 , if substrate thickness is increased to 3 mm, we get all resonances shifted towards lower frequencies. If the substrate thickens is varied from the optimized value of 2.4 mm, the criterion of −3 dB magnitude difference of circular polarization is not achieved.
VI. MEASURED RESULTS
For experimental verification of the proposed design, metasurface was fabricated using PCB fabrication facility LPKF S103. The fabricated prototype is then tested in an in-house facility of fully anechoic chamber, as shown in Fig. 11 (a) . The fabricated sample consists of 38 × 38 unit cells etched on the top of FR4 substrate having thickness of 2.4 mm, as shown in Fig. 11 (b) . A schematic diagram of experimental setup is depicted in Fig. 11(c) . Two double-ridge broadband horn antennas (OBH100400) and a vector network analyzer (HP 8722 C) were used for the measurement of reflection coefficients shown in Fig. 12 (a) .
For measuring co-polarized coefficients, both transmitting and receiving horn antennas are placed along same orientation (vertical or horizontal) while for crosspolarization measurements they are placed orthogonal to each other. The measured results for the magnitude of co-and cross-polarized reflection coefficients and phase difference between the orthogonal components are presented in Fig. 12 (a) and (b) respectively. It can be seen from Fig. 12 that simulation results are consistent with the measurements. Small discrepancies in phase difference is due to the limitation of measurement setup and small size of the prototype.
VII. CONCLUSION
In this paper, a novel hexagonal multiband reflective metasurface showing CPC and LP-CP operations is presented.
The metasurface exhibits cross-polarization conversion (CPC) at two wide frequency bands from 6.36-6.59 GHz and 10.54-13.56 GHz. The CPC efficiency approaches 95% within these two operating bands. Moreover, linearto-circular polarization conversion is achieved in three frequency bands: 6.10-6.20 GHz, 6.84-9.02 GHz and 14.10-15.48 GHz. The response of the designed metasurface is angular stable up to 45 • of incidence angle. The compact size, angular stability and multiple functionalities make the proposed metasurface a potential candidate for many applications including miniaturized cavity resonators, chipless radio-frequency identification (RFID) tags, wave-guiding structures, RCS reduction, remote sensing and biomedical devices.
